B
iocompatible materials able to induce the formation of mineralized tissue are of great importance in clinical applications such as pulp exposure, root perforations, root-end fillings, and apexification (1) . Materials based on mineral trioxide aggregate (MTA) are materials with a composition largely based on Portland cement components (mainly di-and tricalcium silicate) and additional radiopacifying agents, such as bismuth oxide (2) . The proportions of these components vary by brand. The great interest in this material is because of its lower cytotoxicity compared with other root-end filling materials (3, 4) and its ability to induce mineralized tissue formation (2, 5) .
MTA became commercially available as ProRoot MTA (Tulsa Dental Products, Tulsa, OK). Later, gray and white MTA-Angelus (MTA-Ang) (Angelus Ind ustria de Produtos Odontol ogicos S/A, Londrina, PR, Brazil) were introduced (6) . Despite the favorable properties of MTA-type products that support their clinical use, these first few products had drawbacks, such as a prolonged setting time, poor handling, and potential of discoloration (2, 7) .
Recently, a new MTA-based material was placed on the market, MTA HP (Angelus Ind ustria de Produtos Odontol ogicos S/A). One of the differences of this new material over the old formulation of white MTA-Ang was the replacement of the distilled water by a liquid containing water and an organic plasticizer (8) ; the composition of this is not disclosed by the manufacturer. This liquid provides a higher plasticity, improving handling and inserting the material to the repair site. Furthermore, the replacement of the bismuth oxide radiopacifier by a calcium tungstate radiopacifier will avoid dental discoloration (8) .
A recent study showed that MTA HP showed better push-out bond strength than its predecessor white MTA-Ang (9) . The authors believe that the presence of calcium tungstate as a radiopacific agent in MTA HP contributed to the higher calcium release in the initial periods (10), promoting greater biomineralization and helping in the resistance of this material (11) . Furthermore, the greater plasticity could improve the marginal adaptation, which would also contribute to this result (11) . However, studies are needed to evaluate the cytotoxicity and biocompatibility of this material and its ability to induce the formation of hard tissue.
This study evaluated MTA HP, analyzing its in vitro cell viability, in vivo reaction in the subcutaneous tissue of rats, and its ability to induce mineralization assessed by von Kossa staining and structures birefringent to polarized light. White MTA-Ang was used for comparison.
Materials and Methods
In Vitro Study Cell Culture. Following a previous study (12) , L929 mouse fibroblasts were grown in Dulbecco modified Eagle medium (GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal bovine serum (GIBCO BRL), streptomycin (50 g/mL), and a 1% antibiotic/antimycotic cocktail (300 U/mL, 300 mg/mL streptomycin, and 5 mg/mL amphotericin B) (GIBCO BRL) under standard cell culture conditions (37 C, 100% humidity, 95% air, and 5% CO 2 ). Sample Preparation. White MTA-Ang and MTA HP were mixed according to the manufacturer's instructions. MTA discs were prepared under aseptic conditions as previously described by Yoshino et al (13) with some modifications. Briefly, the discs were molded in a sterile cylindrical polyethylene tube (diameter = 5 mm and height = 3 mm). The MTA discs were kept in a 5% CO 2 incubator at 37 C for 6 hours after mixing to set. After 6 hours, the discs were removed from the molds and sterilized by ultraviolet light for 1 hour in a biological cabinet (Bio Class I; Contained Air Solutions Ltd, Manchester, England). Each disc was immersed into 1 mL Dulbecco modified Eagle medium/10% fetal bovine serum and incubated in a humidified atmosphere containing 5% CO 2 for 3 days. After 3 days, the discs were discarded, and the supernatants (eluate extract) were collected and filtered through a sterile 0.22-mm filter (Sigma-Aldrich, St Louis, MO). The supernatant collected was referred to as white MTA-Ang extract or MTA HP extract. The extracts were diluted with culture medium (1:50) in this study. Cell Viability Assay. Cell viability was determined using the alamar Blue reduction assay (alamar Blue Cell Viability Reagent; Thermo Fisher Scientific, Waltham, MA) following the manufacturer's instructions. Briefly, L929 fibroblasts were seeded into 24-well plates (10 4 cells/ 1 mL medium per well) and incubated for 24 hours in a humidified air atmosphere of 5% CO 2 at 37 C to allow attachment of the cells before adding MTA extracts. Both the MTA extract and the alamar Blue reagent were added to the cell medium. The control group received no extract. At 6, 24, 48, and 72 hours after the addition of MTA and alamar Blue, 200 mL of the medium was transferred to a 96-well plate, and the optimal density was measured at wavelengths of 570 and 600 nm. The reduction of alamar Blue was calculated with a formula provided by the manufacturer (1:10). The controls were cultured in a medium without MTA extracts. The experiments were performed in triplicate.
In Vivo Study Subcutaneous Implant. Twenty male Wistar albino rats weighing approximately 250-280 g and 3 to 4 months of age were used in this study. The sample size for the animal experiment was established on the basis of previous studies involving analysis of materials in subcutaneous tissue of rats (1, 14, 15) . The study was approved and performed according to the guidelines of the ethical committee. Polyethylene tubes (Abbott Labs of Brazil, São Paulo, SP, Brazil) with a 1.0-mm internal diameter, 1.6-mm external diameter, and 10.0-mm length were filled with white MTA-Ang or MTA HP prepared according to the manufacturer's recommendations; empty tubes were used as a control.
The surgical procedure was performed following previous studies (14, 15) . The rats were anesthetized, their dorsa were shaved, and a 2.0-cm incision was made in a head-to-tail orientation with a #15 Bard-Parker blade (BD, Franklin Lakes, NJ). The skin was reflected to create 2 pockets on the right side and 1 pocket on the left side of the incision. After the tubes were randomly implanted into the pockets, the skin was sutured. After 7 and 30 days, the rats were killed by an overdose of anesthetic solution. The implanted tubes, along with the surrounding tissues, were removed and fixed in 10% formalin solution at a pH of 7.0. The fixed specimens were processed and embedded in paraffin and serially sectioned into 5-mm cuts for staining with hematoxylin-eosin and 10-mm cuts for staining according to the von Kossa technique; some slices were kept unstained for polarized light examination.
Histologic analysis was performed by a single calibrated operator in a blinded manner under light microscopy (400Â, DM 4000 B; Leica, Wetzlar, Germany). The inflammation in the tissues close to the material was graded as follows: 1, no or few inflammatory cells and no reaction; 2, less than 25 cells and little reaction; 3, between 25 and 125 cells and moderate reaction; and 4, 125 or more cells and severe reaction (14) . Fibrous capsules were considered to be thin when thickness was <150 mm and thick at >150 mm (14) . Necrosis and calcification were recorded as present or absent (14) . Statistical Analysis. Data were submitted to statistical analysis using the GraphPad Prism (version 5.0; GraphPad Software Inc, La Jolla, CA) software program. Analyses of variance followed by Bonferroni correction were performed for parametric data and the Kruskal-Wallis test followed by the Dunn test for nonparametric data; P < .05 was considered significant.
Results

Cell Viability
Determination of the effects of both MTA extracts on fibroblast viability was performed using the alamar Blue reduction assay at 6, 24, 48, and 72 hours (Fig. 1) . Indeed, the higher reduction percentage level reflects great cell viability. The increase in cell viability was detected according to the time frame, with a significant decline at 72 hours for all groups evaluated (P < .05). The results revealed a significant increase in cell viability for MTA HP extract after 24, 48, and 72 hours of cell exposure when compared with the control group (P < .05). In addition, the MTA HP extract exhibited a higher viability compared with white MTA-Ang extract at 72 hours (P < .05).
Histologic Analysis
Representative images of the groups can be observed in Figure 2A -F. At 7 days, in both MTA groups, a superficial layer of necrosis and nuclear fragmentation in close contact with the material were observed, which were not observed in the control group. Most specimens in all the groups showed moderate inflammation at 7 days; at this time, the fibrous capsule in the tube opening region was thick. At 30 days, the area of necrosis was no longer present, and a similar response between the groups was observed in that most specimens showed mild inflammation (P > .05). From that point on, the fibrous capsule of all groups was thin (Table 1) .
Structures positive for von Kossa staining and birefringent to polarized light were observed near the tube opening in both MTA groups at 7 and 30 days; these structures were not observed in the control group. The results of the histologic analysis are provided in Table 1 .
Discussion
The American Association of Endodontists recommends that the use of a new material should be based on biological and clinical studies (16) . Endodontic materials must have their biological properties screened by in vitro tests before their clinical use to minimize adverse effects. Moreover, materials that will be in permanent contact with the periapical tissues or the pulp tissue should exhibit low cytotoxicity and high biocompatibility (17) , and the ability to induce a mineralized barrier is important for protecting the tissues (18) . This study evaluated the cytotoxicity, biocompatibility, and mineralization capacity of MTA HP, comparing it with its precursor. The cytotoxicity assay showed higher cell viability and biocompatibility and biomineralization similar to white MTA-Ang.
Available MTA-based materials on the market exhibit satisfactory histologic results (14, 15, (19) (20) (21) and are widely used by clinicians (22, 23) ; however, the disadvantages of the earliest MTA-type products have led to new formulations that combine good handling and mechanical and biological properties (2, 7). A long setting time and the difficulty in manipulation have been common disadvantages, especially for inserting the material into root-end fillings (5) .
According to the manufacturer, MTA HP has a high plasticity compared with white MTA-Ang (8) . The powder of the new formula is composed of tricalcium silicate, dicalcium silicate, tricalcium aluminate, calcium oxide, and calcium tungstate, whose particle size after hydration allows easy manipulation and insertion into the dental cavity: after handling, the consistency obtained is similar to a modeling mass, not sandy (8) . In the present study, a difference in its consistency can be confirmed. The MTA HP powder is packaged in capsules, and the manufacturer's recommendation is to spatulate the contents of the capsule with 2 drops of the liquid for 40 seconds (8) .
Indications for the use of MTA HP material are the same as its precursor including treatment of root perforations and furcation, sealing root resorption, root-end fillings, pulp capping, pulpotomy, apexification, and apical plugs (8) .
This in vitro study confirmed that white MTA-Ang extract was similar to the control group and did not inhibit cell viability, which is consistent with previous investigations (17, 24, 25) . However, the ability of MTA-based cements to induce proliferation in cell culture has been shown to be significant when compared with the control (26) . MTA HP showed a better response when compared with the control at 24, 48, and 72 hours and better than white MTA-Ang at 72 hours. These findings might be justified by the absence of bismuth oxide in the composition of MTA HP; studies showed a possible cytotoxic effect of bismuth oxide on the human osteoblastlike cells while in association with dicalcium silicate cement compared with this without the radiopacifier (27) ; bismuth oxide also increases the cytotoxicity in human dental pulp cell when added to Portland cement (28) . Portland cement containing calcium tungstate showed an alkaline pH, the release of calcium ions similar to Portland cement only (10) , and good cell viability in periodontal ligament cells (29) .
The addition of calcium tungstate to Portland cement may increase the infiltration of fluids (11) . According to the authors, it is likely that calcium tungstate changes the structure of cement, forming cracks that increase infiltration; moreover, the physicochemical properties of this cement may favor these results. This factor might be compensated for in MTA HP because of its higher plasticity, which improves the marginal adaptation of the cement to the root walls and promotes greater bonding strength (9) . Furthermore, it was observed that calcium tungstate contributes to a higher release of calcium ions, promoting greater biomineralization (30) .
In the histologic analysis, we observed a superficial layer of necrosis at 7 days. Superficial necrosis is commonly observed when using MTA because of the alkalinity on adjacent tissues (31, 32) . The material is considered biocompatible if the inflammatory reaction reduces to nonsignificant levels over time (33) . In this study, the groups showed a moderate initial inflammatory response, which later became mild; yet, the inflammation by the materials did not differ statistically from the control group, corroborating previous studies that showed the biological properties of ProRoot MTA (14, 19, 20) and gray and white MTA-Ang (15, 19, 21) . This study showed that MTA HP could be considered to have a biocompatibility similar to white MTA-Ang. Calcium hydroxide formed during the setting of MTA-type products will react with carbon dioxide in the tissues to form calcite crystals, which are birefringent to polarized light and serve as a nucleus for calcification (34) . These calcifications can be observed by von Kossa staining. The biomineralization ability of white MTA-Ang and MTA HP was detected by the presence of structures birefringent to polarized light and von Kossa-positive staining.
This study helps to illuminate the properties of MTA HP. However, this is the first study that has evaluated its biological properties. More research is necessary to comprehend the biological effects of this new material, such as the analysis of fresh sealer, because studies point to significant differences in toxicity when comparing set and fresh endodontic sealers (35) .
Conclusion
MTA HP showed biocompatibility and biomineralization similar to white MTA-Ang. In addition, MTA HP promoted an increase in the fibroblast cell viability compared with white MTA-Ang after a longer period.
